The objective of this work is to design an experimental apparatus that can acquire data to benchmark rarefied gas heat transfer simulations, and determine the thermal accommodation coefficient at the interface between the solid surfaces and the gas. The design consists of an aluminum cylinder with an electric heater at its centerline, and within a stainless-steel sheath, centered inside a cylindrical pressure vessel whose temperature is controlled using an external water jacket. There is 0.47-cm-wide helium-filled gap between the inner cylinder and vessel wall. For a given heat generation rate, the temperature difference across this gap will increase as the gas pressure decreases due to ratification. Thermocouples will be bonded to the vessel's outer surface, and the inner surface of the sheath that surrounds the heated aluminum cylinder. Two, two-dimensional computational meshes of the apparatus (one cross sectional and the other cross sectional is offset) and one three-dimensional computational mesh are constructed. These models include heat generation within the electric heater, conduction within the solid and gas-filled regions, and radiation heat transfer across the gas, and rarefied gas thermal resistances at the solid/gas interfaces. These simulations show that the difference between the thermocouple temperatures and the surfaces of the helium filled gap are small compared to the temperature across the gap. This will allow this apparatus design to be used to effectively benchmark the ANSYS/Fluent simulations, and determine the thermal accommodation coefficient. 
NOMENCLATURE

INTRODUCTION
Spent nuclear fuel transportation casks are made of thick walled containers so that they can survive potentially severe accidents while being transported by rail and truck [1, 2] . The fuel assemblies are placed in canister at the center of the cask where they are supported horizontally within square crosssection basket openings inside the package containment region.
During the transportation the generation of heat from the fuel along with the solar heating, cause the transportation container to have a higher temperature than its surroundings. The Nuclear Regulatory Commission Interim Staff Guidance-11, Revision 3 (ISG-11) [3] requires that the Zircaloy cladding temperature must exceed 400°C during the drying, transport and storage to prevent the radial hydride formation. This temperature Proceedings of the ASME 2014 Pressure Vessels & Piping Conference PVP2014 July 20-24, 2014, Anaheim, California, USA
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2 Copyright © 2014 by ASME restriction limits the heat generation rate by the fuel and so the number and age of the fuel assemblies inside the packages.
Heat transfer processes inside the fuel assembly/backfill gas region have not yet been fully characterized. This uncertainty significantly contributes to the prediction of the maximum cladding temperature for a specified fuel heat load, and the maximum fuel heat load.
To address this uncertainty package designers have reduced the number and the heat generation rate of the assemblies that are loaded into the packages. It is this reduction that ensures that the maximum cladding temperatures are not exceeded. However, this reduction increases the number of shipments and the associated risk to the public. More accurate models for fuel cladding temperature predictions are needed and could have potential public safety consequences.
Package temperatures are determined for typical ambient conditions of a hot day of 38°C described in federal regulations [4] . The temperature difference between the cylindrical zircaloy tubes in the fuel assemblies and the ambient are directly affected by fuel heat generation rate. The radial and axial temperature profiles of the cylindrical zircaloy tubes are also affected by the fuel heat generation rate.
Before transportation and after being discharged from the reactors, the fuel assemblies are stored underwater to decrease their heat generation and radioactivity [5] . After an appropriate time, they are placed in canister and loaded out of the pool. The water in the canister is evacuated by forcing helium gas through the canister. Small amount of water may remain at the bottom of the canister [6] . Essentially all the water and moisture remaining must be removed to prevent the corrosion of the fuel cladding and cask material during the transport and storage. After drying the canister is backfilled with a non-oxidizing gas to pressure between 3 to 7 atm, then placed in other packaging for onsite interim storage or offsite transport.
Currently there are two methods that are used by industry for this process, forced helium dehydration and vacuum drying. Both of these methods must meet the drying technical specification of maintaining the specified pressure of 400 Pa for 30 minutes to be considered dry [6, 7] .
Canisters with high heat generation fuel are subjected to forced helium dehydration for drying. At the top of the canister is a port that helium is forced into and at the bottom of the canister it is withdrawn through a tube. It is also common in some cases for cooling water to be circulated in the gap between the canister and its transfer cask during this process. The pressures during the forced helium dehydration is roughly maintained the same as during the storage. The shortcoming of this method is equipment (gas demoisturizing and cooling) required for accomplishing this process.
The vacuum drying method requires less equipment compared to the forced helium dehydration. During this method the pressure in the canister is decreased as low as 67 Pa to promote evaporation and removal of the water [8] . This is accomplished by performing several cycles of evacuation and refill until the operator is able to demonstrate that the canister meets the technical specifications.
At these low pressures and densities, buoyancy-induced gas motion and natural convection heat transfer from the fuel to the solid surfaces of the canister can be neglected; while the thermal conductivity of the gas is almost the same as at atmospheric pressure conditions.
The shortcoming of the drying vacuum method is the increasing of the cladding temperature due to the rarefaction (at low pressure). When the gas is rarefied there is a notable temperature difference (temperature jump) between the fuel cladding wall and the gas that is interacting with it [9] [10] [11] [12] . As the pressure increases this temperature jump becomes negligible, but the more rarefied the gas is the more important this jump is and may contribute to higher cladding temperatures during the vacuum drying process and storage.
The temperature jump is characterized by the Thermal Accommodation Coefficient (TAC). At low pressure the collisions between gas molecules and the surfaces dominate the molecules-molecules collisions. In these conditions the equilibrium and the continuity of the macroscopic parameters (velocity and temperature) near the walls are not reached. Maxwell [13] postulated that when molecules enter in collision with the wall there are a range possible results bounded by two extremes: (i) the molecules can be reflected specularly, without transferring any of their momentum or energy to the surface (the molecule's temperature and velocity component parallel to the wall remain unchanged, but its velocity normal to the wall is reversed), and (ii) the molecules can be reflected diffusely: a molecule leaving the surface "forgets" all information about upon collision and it leaves accommodating the surface properties (i.e., their average bulk velocity is equal to the surface velocity and the temperature is equal to the temperature of the surface). Based on this definition, the thermal accommodation coefficient (α) can be related to the temperature of incident Ti and reflected Tr molecules as
where Tw is the wall temperature. The value of TAC varies from 0 to 1. In the case of α=0, the reflection is perfectly specular. For α=1, the incident molecule is reflected diffusely after complete accommodation to the wall temperature. A lower value of α will leads to higher temperature jump between the wall and gas molecules interacting with it.
Because of the low-pressure levels during the vacuum drying the gas natural convection in the fuel package is negligible comparing to the conduction and radiative heat transfer process. Due to multiple fuel assemblies within the packages finite element analysis of the package is used with an 3 Copyright © 2014 by ASME appropriate effective thermal conductivities and materials emissivity to determine the temperature and heat flux distribution throughout the package fuel regions [6, 14] . These simulations are utilized because of the complex geometries and heat transfer characteristics of the packages and fuel assemblies. These simulations do not include the temperature jump thermal resistance that is associated with rarefied-gas environment. The effects of the rarified-gas thermal resistance become more important for the increasing cladding temperature with heat generation rate.
Chalasani and Greiner [15] performed experimental and computational fluid dynamics/radiation heat transfer simulations of an 8×8 array of heated rods within an aluminum enclosure in both horizontal and vertical orientations. The results showed that the simulation under estimate the hotter rod temperature but accurately predict the cooler ones.
Current Work The goal of the current research is to develop and experimentally benchmark computational models that predict the temperature difference between the cladding and basket walls during vacuum drying processes. The computational models will include the temperature jump thermal resistance at the gas/surface interfaces. To achieve this goal, the first step is the experimental measurement of the thermal accommodation coefficient between stainless-steel surface and helium gas. The experimental design consists of coaxial cylinders' geometry filled with helium gas. The temperature and heat flux from the inner cylinder (hotter) to the outer cylinder (colder) will be measured and the thermal accommodation coefficient will be obtained from the comparison between the measurement and the analytical model in the slip regime (10 -3 < Kn < 10 -1 ) and the DSMC calculations in the transitional regime. The objective of the current paper is to validate the design of the experimental apparatus that will be used to measure the value of the thermal accommodation coefficient. Two and three dimensional models are performed using ANSYS/Fluent package that represent the experimental apparatus. Conduction and radiation heat transfer simulations are performed with helium gas filling the gap region between the stainless-steel cylinders. The temperature of the outer cylinder is set to a constant value of 27°C and the pressure is varied from 10 5 to 10 Pa to cover the continuum to transitional regimes.
RAREFIED GAS CONDITIONS AND HEAT TRANSFER
At low pressure conditions the collisions between gas molecules and surfaces dominate the molecules-molecules collisions. The continuity of the macroscopic parameters of temperature and velocity near the wall is not achieved. In these conditions the gas flow may be characterized by the Knudsen number, which is defined as the ratio of the mean distance traveled by molecules between successive collisions (known also as the mean free path λ [16] ) to a macroscopic characteristic length LC. Typically the characteristic length is the smallest dimension of the system which is in this case the gap between the coaxial cylinders. The Knudsen number (Kn) is named after Danish physicist Martin Knudsen (1971 Knudsen ( -1949 and is defined as
When the Knudsen number increases (due to the increase of λ or the decreases of LC) the gas flow becomes more rarefied. Using the Knudsen number different regimes of gas flow rarefaction (see Fig. 1 ) can be identified as [11]  Continuum flow regime (Kn < 10 -3 ), where the number of collisions between molecules and molecules-surface are enough big to reach the equilibrium. In this regime the classical Navier-Stokes equation and the Convective Energy equation, with the conditions of non-slip and continuity of temperature on the wall, is enough precise to model the flow.  Slip flow regime (10 -3 < Kn < 10 -1 ), where the number of collisions molecules-surface are not enough to reach the equilibrium near the wall, but far from the wall the equilibrium is reached. In this regime the Navier-Stokes equations are still appropriate but they should be subjected to the conditions of velocity-slip and temperature-jump at the wall.  Transitional flow regime (10 -1 < Kn < 10), it is the most difficult regime for modeling. In this regime the mean free path is comparable to the characteristic length scale, therefore, the collisions between molecules and surfaces dominate the collisions between molecules. To model the flow in this regime the Boltzmann equation should be solved using the discrete velocity method [17, 18] or Direct Simulation Monte Carlo (DSMC) method [19] .  Free molecular regime (10 ≤ Kn), where the gas is highly rarefied and the flow is driven by the collisions between molecules and surface. In this regime the flow is modeled using the collisional kinetic Boltzmann equation or the DSMC method.
This classification is not strict. The limits between the regimes have to be taken as an order of magnitude, because the transition between regimes is progressive. It should be noted also that all the regimes defined above can be accurately modeled using the kinetic theory, by solving the Boltzmann equation. However, for the continuum and slip regimes will require significant computational effort to reach this solution.
Definition of the mean free path
As cited above the mean free path λ is defined as the averaged distance traveled by molecules between two successive collisions [16] . Two definitions of the mean free path that are found in the literature [20] will be used in this paper, (a) macroscopic fluid viscosity and (b) the microscopic LennardJones collision diameter. 
where P is the pressure, T is the temperature, kB is the Boltzmann's constant, m is the mass of the gas molecule, and μ is the dynamic viscosity, whose dependence on temperature is obtained from the Hard Sphere (HS) model as
where T0 is the reference temperature equal to 273.15K and μ0 is the reference viscosity that depends on the gas, equal to 1.865x10 -5 Pa·s for helium.
(b) The second definition is based on the microscopic Lennard-Jones collision diameter as
where d is the diameter of the gas molecule, for helium two values are retained in this paper d=2.33 Å [19] and d = 1.90 Å [21] . These values were found from the VHS (Variable Hard Sphere) method and the square well potential method respectively.
Thermal analysis in slip flow regime
In the slip regime the gas flow is considered to be moderately rarefied [22] . In such case the interaction between molecules is not sufficient to reach the equilibrium near the wall, i. e. there is a discontinuity of temperature and velocity near the wall (Tg ≠ Tw, and Vg ≠ Vw), called a temperature jump or a velocity slip. As the pressure decreases the effect of the temperature jump and the velocity slip on the flow becomes more important and taking them into account in the boundary conditions of the problem becomes crucial for accurate description of the flow. For such moderate conditions of rarefaction (Kn ≤ 0.1), the Navier-Stokes and Convective Energy equations can accurately model the flow with the temperature jump and velocity slip boundary condition [13] .
Sharipov [22] suggested that in the case of moderate rarefied gas, for small temperature difference ∆T<<T0 between two concentric cylinders, where T0 is the average temperature, and without considering the radiative heat flux, the radial heat flux across the gas can be expressed as where RA and RB are the radii of the inner and outer cylinders respectively. L and κ are the length of the cylinders and thermal conductivity of the gas, which is approximately constant for small temperature difference ∆T, respectively. In equation (6) ζT is the temperature jump coefficient. Kennard [21] proposed an expression for this coefficient by assuming that the incident molecules on surface have the same distribution function as the molecules in the midst of the gas. The expression of temperature
For Helium the ratio of specific heat at constant pressure to that at constant volume is γ=5/3 and Prandtl number is Pr = 2/3. Replacing the expression of the Knudsen number (2) and the mean free path (3) in equation (6) 
It is clear from this last expression that the temperature difference ∆T is linear function of the inverse of the pressure. The expression (8) will be used for comparison with experimental data to extract the value of the thermal accommodation coefficient α. The experimental measurements of the temperature difference ∆T will be carried out for a constant value of the heat flux Qr and the different values of the pressure P. The measured data of ∆T as function of the inverse of the pressure will be plotted and fitted with first order polynomial form using the least square method as
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Copyright © 2014 by ASME where a is the slop of the function ∆T(1/P). The comparison between the expression of the measured ∆T (Eq. 9) and the analytical expression of ∆T (Eq. 8) gives
From this expression (10) the value of the temperature jump coefficient ζT can be obtained, and using the expression (7), the value of the thermal accommodation coefficient α can be calculated.
VALIDATION OF THE EXPERIMENTAL DESIGN
As stated earlier, the objective of this paper is to validate the experimental design and procedure that will be used to calculate the value of the thermal accommodation coefficient α. In order to achieve this objective, the experimental model was simulated using ANSYS/Fluent computational fluid dynamics (CFD). Two and three dimension simulations are carried out for the heat transfer across concentric cylinders at different level of rarefaction (from continuum to near transitional regime). The simulations included the radiative heat flux and the temperature jump at the surface.
To calculate the temperature jump at the interface between gas and solid walls ANSYS/Fluent model employs the following 
Experimental design
The concentric cylinders design consists of a main inner cylinder and an outer vessel whose temperature is controlled by the use of an external water jacket. The main inner cylinder is composed of an electrical heating rod that is centered inside a thick walled aluminum cylinder that is then surrounded by a stainless-steel sheath. By using aluminum for the thicker walled cylinder a nearly uniform temperature and heat flux profile can 6 Copyright © 2014 by ASME be ensured. It is between this aluminum cylinder and the stainless-steel sheath that thermocouples are strategically placed inside profiled grooves that minimize any possible air gaps and are secured with highly thermal conductive cement. This main inner cylinder is then centered inside the outer vessel so that a roughly 0.47 cm-wide gas filled gap is created to enable a thermal-temperature jump resistance from rarefied conditions to be evaluated. Table 1 Dimensions for experiment setup and corresponding surfaces
The two-dimensional computational models only differ in that the second model's inner cylinder is offset from the center of the outer vessel. The three-dimensional model has all of the same dimensions as the two-dimensional model with the addition of being extruded so as to represent the length of the proposed experiment.
Conduction and Radiation heat transfer simulations where performed with helium gas filling the gap region between the stainless-steel sheath and the vessel with a constant ambient vessel exterior temperature of 300K (27⁰C) and varying pressure from 10 5 to 10 Pa. By using this range of pressures both continuum model (P=1atm), and rarefied gas model (P<500Pa) are evaluated. By using a constant heat generation rate of Q=500W the temperatures of each wall inside the vessel can be used to determine the thermal-temperature jump resistance in order to calculate the thermal accommodation coefficient. Radial temperature profiles are reported along with the effects of the thermocouple placement on temperature measurements. The dimensions in Figures 2a and 2b are given in Table 1 along with the corresponding temperature measurement naming convention used for the results discussion. Figure 3 shows the two and three dimensional computational domain model of the concentric cylinders used in the current work to validate the experimental model. The mesh consists of 20158 elements in the 2D-model and 558191 elements in the 3D-model. This computational model reproduced the dimensions that will be used in the experimental model. In order to determine if the designed model will be suitable for the experimental apparatus the radial (r-axis) and axial (z-axis) temperature and heat flux profiles are drawn for two values of the accommodation coefficient α=1 and 0.4 and two different values of the LJ molecular diameters d=2.33 Å and d=1.90 Å. Figure 4 shows the typical temperature contour obtained for all the simulated cases considered in this paper. Radial axes at θ=0° and θ=45° are also shown. From this figure one can see that the maximum temperature is obtained in the center of the cylinders. The temperature is nearly uniform across aluminum and stainless-steel sheath. A steep decrease of the temperature is observed across the helium gas. Figure 5 shows the radial temperature profile along the axes at θ=0° (cross the thermocouple) and 45° (see Figure 4) for Q=300W and atmospheric pressure condition P=1atm. It can be seen that the temperature profile along the two axes are very similar and that the only difference is obtained at the thermocouple, where the thermocouple experience slightly smaller temperature by less than 0.3K difference. This difference is maintained when changing the generated heat flux, Copyright © 2014 by ASME Figure 4 Typical temperature profile for all simulated cases. Figure 5 Temperature profile along the r-axis shown in Figure 4 for atmospheric pressure (continuum model).
RESULTS AND DISCUSSIONS
thermal accommodation coefficient α, LJ molecular diameter d and the pressure. Figure 6a shows the difference obtained in the temperature profile between the 2D and 3D models for atmospheric pressure and the same heat generation Q=300W. Both models have a similar temperature profiles, however, the temperature is lower in the case of 3D model. This difference of temperature is due to the heat loses from the two ends of the inner cylinder. In order to accurately calculate the thermal accommodation coefficient using Equation (8) the heat loses from the sides should be reduced as much as possible. This can be achieved by insulating the two ends of the inner cylinders. Further investigation on the insulation performance will be performed in future work. Figure 6b shows the effect of the thermal accommodation coefficient variation on increasing the temperature, as α decreases the temperature increases. The effect of variation of the LJ molecular diameter is shown in Figure 6c and seems to be less important than the effect of the thermal accommodation coefficient in increasing the temperature. Temperature profiles along the axial axis (z-axis, see Figure 3 ) is shown in Figure 7 . The temperature is essentially uniform along the z-axis with maximum obtained in the center of the cylinder. The maximum temperature difference between the thermocouple center (solid line) and the stainless-steel sheath surface (dashed line) is less than 0.3K, which justifies the implementation of the thermocouples to measure the stainless-steel sheath surface. The radial heat flux leaving the side walls of the cylinders is given in Figure 8 . It is clear from this figure that the heat flux leaving the outer surface of the stainless-steel sheath and entering the inner surface of the vessel, which are in contact with helium, are almost the same and uniform along the axial axis. The uniformity and equality of the heat flux leaving the surfaces in contact with helium confirms the validity of the actual experimental design to be used for the calculation of the value of the thermal accommodation coefficient from Equation (8) . In Figure 8 one can see that the heat flux leaving the Aluminum surface (R3) is much less than the others. This is due to the presence of the thermocouple and the surrounded cement (see Figure 2b ), which has lower thermal conductivity than the Aluminum, so most of the heat goes around the thermocouple.
One of the parameters influencing the uniformity of the temperature and heat flux leaving the cylinder sides is the concentricity of the two cylinders. An offset of the cylinders from the center can cause the temperature and heat flux to be 9 Copyright © 2014 by ASME non-uniform. Simulations are carried out for the eccentric cylinders with an offset of 1 mm in the x-direction (see Figure  3b) , which represents around 21% of the initial gap between cylinders. Figure 9 shows the circumferential temperature profile for the eccentric cylinders. From this figure it appears that the eccentricity has a weak effect on the temperature variation. The difference with the concentric cylinders is less than 0.05K. The decrease of the temperature shown in Figure 8 is due to the thermocouple, which has lower thermal conductivity than Aluminum.
Contrarily to the temperature results the eccentricity has an important effect on the radial heat flux (see Figure 10) leaving the side walls. The 1mm offset caused a variation of the radial heat flux of about 16% between the smallest and largest gaps, with a higher heat flux leaving from the smallest gap. In order to calculate the thermal accommodation coefficient with a good accuracy the eccentricity of the cylinders should be minimized.
Another parameter that could affect the calculation of the thermal accommodation coefficient is the amount of the heat flux leaving the side walls of the inner cylinder. Equation (8) assumes that all the heat flux is leaving the side walls of the inner cylinder. In Table 2 the percentage of the heat flux leaving the end walls of the inner cylinder to the side wall is given. Table 2 Percentage of heat flux Loss from both sides of the inner cylinder
From Table 2 it is clear that the heat losses from the inner cylinder sides are affected by the rarefaction. The heat losses from the ends is more important at low pressure (P=100Pa) and it is even more important when α and d are smaller. The maximum heat losses from the sides are estimated to be 10% of the total heat generated by the heating rod. A good insulation of the inner cylinder sides should decrease this heat loss.
SUMMARY
The rarefied gas condition during vacuum drying can have an important effect on used nuclear fuel cladding temperature. As the pressure decreases, the temperature of the cladding increases. This increase in temperature is due to the temperature jump thermal resistance between the gas and the solid surfaces induced by the gas rarefaction. The thermal resistance is a function of the thermal accommodation coefficient. The main objective of this paper is to validate the design of the experimental apparatus that will be used to measure the thermal accommodation coefficient. ANSYS/Fluent simulations representing the proposed experimental apparatus design with different Lennard-Jones molecular diameters, d = 2.33 Å [19] and d = 1.90 Å [21] , and two values of the thermal accommodation coefficient, α=1 and 0.4 are performed. Three computational models were used for this paper, two two-dimensional and one three-dimensional model. The simulations were carried out for a wide range of pressure (~10 5 Pa to 100 Pa) that covers gas flow regimes from continuum to near transitional regimes. The results for the continuum simulations (no temperature jump) were compared with results from the moderately rarified conditions (temperature jump). When rarified gas theory was applied the temperature was 20K greater than the resulting temperatures from the continuum model. The temperature was higher when the thermal accommodation coefficient was decreased from 1 to 0.4 in the rarified theory model. The results showed also that the Fluent's model was able to reproduce the linear increases of the temperature difference between the cylinders surface with the inverse of the pressure.
The Fluent simulations showed also that the implantation of the thermocouple in the design was justified. The temperature difference between the thermocouple and the stainless-steel sheath surface in contact with helium was less than 0.3K regardless of the pressure, thermal accommodation coefficient, and LJ molecular diameter. The axial and circumferential heat flux profiles of the outer stainless-steel sheath where uniform.
The experimental apparatus described in this paper will be constructed and used to measure the thermal accommodation coefficient for helium on the stainless-steel surface.
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